Rhythmic changes in the light reactions of Euglena gracilis have been found which help to explain the basic reactions effected in the circadian rhythm of 02 evolution. Diurnal changes in the slope of light intensity plots indicated that the maximal rate of photosynthesis changed throughout the circadian cycle. No evidence was obtained consistent with the premise that changes in chlorophyl content, as measured by total chlorophyl or chlorophyUl a/b ratio, or photosynthetic unit size are responsible for this rhythm.
changes in chlorophyl content, as measured by total chlorophyl or chlorophyUl a/b ratio, or photosynthetic unit size are responsible for this rhythm.
The rate of light-induced electron flow through the entire electron chain (H20 to methyl viologen) was rhythmic both in whole cells and in isolated chloroplasts, and the highest rate of electron flow coincided with the highest rate of 02 evolution. The individual activities of photosystem I (reduced form 2,6-dichlorophenol-indophenol to methyl viologen) and photosystem II (H20 to 2,6"dichlorophenol-indophenol) did not, however, change significantly with time of day, suggesting that the coordination of the two photosystems may be the site of circadian control. Evidence consistent with this concept was obtained from studies of low temperature emission from systems I and II folowing preillumination with system I or II light.
A circadian rhythm of photosynthetic 02 evolution has been observed in several eukaryotic organisms (16) including Euglena (22) . The mechanisms responsible for this rhythm have been investigated but never fully elucidated. Steady-state 02 evolution in whole cells is a function of both the light reactions and the enzyme activities of the Calvin cycle. The photosynthetic rhythm, however, does not seem attributable to rhythmic changes in the activity of any Calvin cycle enzyme (8, 15, 22) . Therefore, the light reactions would appear to be the most probable oscillator-controlled part of photosynthesis.
Many investigators have reported that rhythmic changes in the light reactions are not responsible for the 02 evolution rhythm ( 15, 35, 36, 40) . However, there are several indications that some parameters of the light reactions do oscillate in synchronous cultures of Scenedesmus (31) (32) (33) , Chiamydomonas (30) , and Skeletonema (18) . In addition, recent work with Gonyaulax (29) and Acetabularia (38) lux) and 14-h dark, and then exposed to constant dim light (6.6 ,tE m-2 s-'; 430 lux) at Chl Content and Chi a/b Ratios. Chl content was determined by the method of Arnon (4) . Chl a/b ratios were determined by the method of Boardman and Thorne (6) for ethanol extracts at liquid N2 temperature. An aliquot of the chloroplast suspension (0.1 ml of 5 jig/ml Chl) was added to 4 (23) . 02 consumption was measured using the same 02 electrode system used for the net photosynthesis measurements (22) (Fig. 1, A-D 10- h light (165,uE m-2 s-') and 14-h dark, and then exposed to constant dim light (6.6 ,uE m-2 s-') at 25 C for 4 days (A-D). During the 4 days of constant conditions, plots were constructed for cells near the photosynthetic minima (9 AM) and maxima (4 
PM). PHOTOSYNTHESIS RHYTHM IN EUGLENA
between the maximum and minimum points of the light-dark cycle are intermediate in value (Fig. 2) . The y intercepts of the maximum and minimum for any 1 day were frequently very close, indicating little change in the relative quantum requirement.
Chi Content and Chi a/b Ratios. Oscillations in the amount of Chl could explain the rhythm in photosynthetic rate at saturating light intensities (1, 28) . However, when Euglena is grown in constant dim light no obvious rhythm in Chl content (total mg Chl/cell) could be detected (data not shown). This varies from the rhythmicity in Chl content found in light-dark cycles, in which condition the cells are synchronously dividing, and the Chl content per cell approximately doubles before cell division and then returns to a basal level (12) .
The Chl a/b ratio, by use of low temperature fluorescence techniques (6), was not rhythmic (data not shown) but two consistent alterations of this ratio were routinely observed: (a) a drop in the a/b ratio from 15/1 to 10/1 during the light portion of the light-dark cycle and during the 1st day of dim light conditions; and (b) an increase in the a/b ratio back to 15/1 by the 3rd day of constant conditions, presumably an adaptation to low light conditions. It was not determined for either situation which Chl species was responsible for the alterations.
Photosynthetic Unit Size. There is no obvious rhythm in photosynthetic unit size as measured by the number of Chl participating in the transfer of one electron from H20 to K3Fe(CN)6 (data not shown). An increase in unit size after the 1st day in constant conditions, from 100 Chl/electron to about 250 ChM/ electron, most likely represents an adaptation to growth in the low light intensity. The photosynthetic unit size for Euglena is smaller than that of some higher plants (1) .
Whole Chain Electron Flow. Changes in the maximum photosynthetic rate should also be detectable by measuring the rate of electron flow through the entire electron transport chain. Figure  3 shows that in whole cells there is, in fact, a rhythm in the rate of MV reduction as measured by 02 consumption in the presence of gramicidin D (an uncoupler). The rhythm in the rate of electron flow (Fig. 3B) has the same phase as the photosynthesis 02 evolution rhythm (Fig. 3A) . The rhythm of whole cell electron flow (Fig. 3B ) was verified using isolated chloroplasts (Fig. 4B) . The phase of the rhythm in isolated chloroplasts is identical to the 02 evolution rhythm (Fig. 4A) and to the whole cell electron flow rhythm.
PSII and PSI Activities in Isolated Chloroplasts. PSII activity, estimated from a DCPIP reduction assay, was not obviously rhythmic (Fig. 4C) . PSI activity, measured by a DCPIPH2/ascorbate to MV assay, was also not obviously rhythmic (Fig. 4C) 
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Whole Cell Chl a Fluorescence. Since whole cell fluorescence is primarily attributable to the Chl a of PSII, and is sensitive to the rate of electron flow through the reaction centers of that photosystem (27) , it provides an additional method to that of DCPIP reduction for monitoring PSII activity. The fluorescence transients obtained have fast and slow components which are hypothesized to represent transitory stages from photosynthetic induction to steady-state photosynthesis (27) . With Euglena, however, none of the transient components exhibited rhythmic behavior, and thusall of the traces of the transients were similar to those previously published (21) State I-State II Transitions. A measure of the efficiency of electron transport between PSII and PSI is the ratio of the low temperature fluorescence from the two photosystems, and the ability to poise the systems in one direction or another with preillumination (5, 7, 39) . Illumination of whole cells with light exciting primarily PSI (710 nm) results in a state I condition, while light exciting primarily PSII (650nm) results in a state II condition. With no preillumination the ratio of fluorescence from PSI (F720) to that from PSII (F685) is not constant with time, but increases as cells adapt to constant dimlight and oscillates slightly leading to shoulders at circadian intervals on the upward trending curve (Fig. 5A ). These shoulders are in phase with the 02 evolution rhythm as would be expected from the concept that a higher F720/F685 ratio is correlated with increased efficiency of energy transfer from PSII to PSI (9, 39) . Although the shoulders are not large, they were consistently present in these experiments and in the preillumination studies (Fig. 5, B Gonyaulax detected a change in quantum yield (29) , as did a study with Scenedesmus (31) . Measurements of the absolute quantum yield as a function of time have not yet been attempted in Euglena.
The report of a Chl a content rhythm in Chenopodium (10) has led to a renewed interest in this question (14, 26, 29) . No rhythmicity was observed, however, in the total Chl content or in the Chl a/b ratio of Euglena. Prezelin and Sweeney (29) have proposed that the number of active photosynthetic units might be rhythmic. This hypothesis is based on the as yet untested assumption that the total number and size of the units are constant. The photosynthetic unit size was determined on a daily basis for Euglena and no rhythm was detected.
At high light intensities the rate of whole chain photoelectron flow (H20 to MV) is rhythmic (Figs. 3 and 4B) . The rates of electron flow through the individual photosystems (Fig. 4C) (5, 25) , or the fluorescence-quenching reflecting cation transport caused by ergized proton pumping (5) .
Other areas to be investigated for possible involvement regulating the rhythmic electron flow are the degree or tightness of photophosphorylation coupling, the kinetics of oxidation-reduction for the individual electron chain components, and configurational changes in the orientation of the photosystems. All this work relates to membrane processes and is consistent with current interest (37) in the possible role of membranes in generation and/or transduction of circadian rhythms.
